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Summary
Background: The Scar/WAVE regulatory complex (WRC)
drives lamellipodia assembly via the Arp2/3 complex, whereas
the Arp2/3 activator N-WASP is not essential for 2D migration
but is increasingly implicated in 3D invasion. It is becoming
ever more apparent that 2D and 3D migration utilize the actin
cytoskeletal machinery differently.
Results:Wediscovered thatWRCandN-WASPplay opposing
roles in 3D epithelial cell migration. WRC depletion pro-
moted N-WASP/Arp2/3 complex activation and recruitment
to leading invasive edges and increased invasion. WRC
disruption also altered focal adhesion dynamics and drove
FAK activation at leading invasive edges.We observed coales-
cence of focal adhesion components together with N-WASP
and Arp2/3 complex at leading invasive edges in 3D. Unex-
pectedly, WRC disruption also promoted FAK-dependent
cell transformation and tumor growth in vivo.
Conclusions:N-WASP has a crucial proinvasive role in driving
Arp2/3 complex-mediated actin assembly in cooperation with
FAK at invasive cell edges, butWRCdepletion can promote 3D
cell motility.
Introduction
Metastasis is one of the most deadly aspects of cancer and
often occurs following invasive migration of tumor cells into
surrounding tissues. Actin assembly via Arp2/3 complex
drives cell protrusion to promotemotility and to regulate adhe-
sion. The actin cytoskeleton is also required to maintain
normal polarity, cell-cell adhesiveness, and epithelial homeo-
stasis. Consequently, disruption of normal actin dynamics in
epithelial cells could potentially drive the spread of epithelial
cancer cells.
The C-terminal VCA domain of WASP-family proteins (such
as N-WASP and Scar/WAVE) binds directly to Arp2/3 complex
and stimulates its actin nucleation activity [1]. The Scar/WAVE
regulatory complex (WRC) is a pentameric complex consisting
of Nap1, Sra1/PIR121, Abi1/2, Scar1/2/3, and HSPC300
proteins. WRC exists in an autoinhibited state and is activated
by negatively charged phospholipid membranes or the small
GTPase Rac1 [2–8] and Arf [9].
Most eukaryotic cell types depend on WRC for mobility [1];
however, the role of WRC in epithelial cancer cell invasion
and motility in 3D has not been established. Because*Correspondence: l.machesky@beatson.gla.ac.ukpromigratory signals are usually assumed to be prometastatic,
it was surprising that a subunit of WRC, Sra1 (CYFIP1), was
recently identified as a potential tumor invasion suppressor
[10]. Both depletion and overexpression of WRC subunits
can inhibit cell migration [11–13]. WRC has also been impli-
cated in regulation of cell- extracellular matrix (ECM) adhesion
in multiple cell types. In the absence of WRC, cells form
fewer but larger focal adhesions [10, 11]. Interestingly, cells
lacking focal adhesion kinase (FAK) also display fewer large
focal adhesions [12], suggesting possible parallel functions
of both proteins in adhesion regulation. Clustering of FAK at
adhesion sites triggers autophosphorylation of FAK at
Tyr397, which relieves autoinhibition [13]. Active FAK initiates
signaling pathways regulating cell motility, proliferation, and
adhesion-dependent survival. FAK is well known as a promi-
gratory protein in vivo and is overexpressed in many cancers
and heavily implicated in cancer invasion [14, 15]. Here, we
report novel mechanisms that the WRC uses to suppress
epithelial cell invasion via N-WASP and FAK.
Results
Generation of Scar/WAVE Complex Stable Knockdown
Cell Lines
To investigate the role of WRC in epithelial cancer cell
invasion, we generated stable WRC knockdowns in A431
squamous carcinoma cells. To avoid off-target effects, we
independently targeted four components of WRC, namely,
Nap1, Sra1, PIR121(PIR), and Scar2, by various shRNAs to
create several stable lines, each depleted by a single WRC
subunit. We identified three stable cell lines with substantial
Nap1 reduction (see Figure S1A available online), two lines
with substantial PIR121 reduction (Figure S1B), and one line
each with substantial Sra1 or Scar2 reduction (Figure S1C).
We compared these lines to select the most robust WRC-
depleted cells for further analysis.
Using blue native PAGE [16] and antibody to HSPC300 [17]
as a marker for intact WRC, we observed a 10-fold reduction
of signal (w400 kDa) following Nap1or Sra1 depletion and
a modest or no reduction following Scar2 or PIR121 depletion
(Figure 1A). Morphology of knockdown cells correlated tightly
with the total complex level; Nap1- and Sra1-depleted cells
had no lamellipodia but displayed some blebbing (Figure 1B).
Although PIR121- and Scar2-depleted cells didn’t obviously
bleb (Figure 1B), these cells were unable to generate stable
lamellipodia during spreading, and, similarly to Nap1- and
Sra1-depleted cells, they spread more slowly and to a lesser
extent than control cells (Figures 1C and 1D). We concentrated
on Nap1 and Sra1 stable depleted cells for subsequent exper-
iments, because they gave the most robust loss of WRC
subunits (Sra1, PIR121, Nap1, Scar1/2) (Figure S1C) and
reduction of total complex levels.
Loss of Scar/WAVE Complex Promotes Cell Invasion
Sra1 expression is reduced in some epithelial cancers, and its
loss can cooperate with Ras to promote invasive carcinomas
[10]. WRC knockdown cells invaded about 4 times deeper
into collagen gel organotypic assays than nontargeting control
Figure 1. WRC-Depleted A431 Cells Show Loss of WRC and Spreading Defects
(A) Blue native PAGE blot probed with anti-HSPC300 showing total WRC. Numbers indicate relative level of remaining complex.
(B) Stable knockdown cells in differential interference contrast (DIC) and accompanying total internal reflection fluorescence (TIRF) images with F-actin
(phalloidin). Scale bar represents 30 mm.
(C) Cell spreading on collagen-coated glass dishes. Scale bar represents 10 mm.
(D) Cell area wasmeasured in four cells from four independent movies per cell line. Relative cell size reflects the size at the indicated time divided by the size
at t = 0. (Data points are means 6 SD, n = 4. Curves are fitted with nonlinear regression.) See also Figure S1.
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108cells (shCtl) and showed much higher relative invasion
area (Figures 2A–2C). WRC-depleted cells also were more
invasive in a 3D collagen-gel invasion assay [18], where a cell
plug was fully embedded in the collagen gel (Figure 2D).
WRC-depleted cells invaded 5-fold more deeply into collagen
(Figure 2E) and showed eight times higher relative invasion
area (Figure 2F).
In contrast, WRC-depleted cells migrated 70% slower in 2D
planar wound-healing assays (Figures 2G and 2H). We next
added a thick layer of Matrigel into this wound-healing assay
[19] to require cells to invade. Interestingly, WRC-depleted
cells showed more rapid invasion in this assay as well (Figures
2I and 2J). Because GM6001, a metalloprotease inhibitor,
retardedWRCknockdowncellmotility in this assay (Figure 2K),
our results suggest that WRC is not limiting for invasive
migration in this assay. Thus, althoughWRC promotes motility
in 2D, its depletion does not inhibit and can actually promote
invasion in multiple types of 3D environment.To test whether WRC also suppresses 3D cell motility of
normal epithelial cells, we transiently targeted WRCwith small
interfering RNAs (siRNAs) in an immortalized normal human
retinal pigment epithelial cell line (Figure S2A), hTERT-RPE1,
that is naturally invasive when in contact with collagen type I
[20]. As in A431 cells, WRC-depleted hTERT-RPE1 cells
invaded deeper into collagen gels (Figures S2B–S2D). There-
fore, WRC suppresses 3D cell motility in both A431 and
hTERT-RPE1 cells.
Arp2/3 Complex Is Required for Invasion in the Absence
of WRC
Because WRC drives actin assembly via the Arp2/3 complex,
we asked whether the mechanism of invasion in WRC-
depleted cells was Arp2/3 dependent. Control cells invaded
into thick collagen gels primarily with long, thin protrusions
containing only modest enrichment of Arp2/3 complex at their
tips (Figure 3A). In contrast, the vast majority ofWRC-depleted
Figure 2. Loss of WRC Components Promotes Invasion of A431 Cells
In all panels, shCtl indicates nontargeting control; shNap1 or shSra1 indicates WRC subunit knockdown.
(A) Hematoxylin and eosin-stained sections of cells invading into collagen gel in a 3D organotypic assay. Scale bar represents 100 mm.
(B) Relative invasion distance from (A). (Data are means 6 SEM, n = 24 images, three independent assays, **p < 0.01.)
(C) Relative area of invading cells per field from (A). (Data are means 6 SEM, n = 5 images, three independent assays, **p < 0.01.)
(D) Phase-contrast images from 3D collagen-gel invasion assay. Scale bar represents 100 mm.
(E and F) Relative invasion distance (E) and the relative area (F) of invading cells per field from (D). (Data are means 6 SEM, n = 9 images from three
independent assays, **p < 0.01.)
(G) Wound healing assay. Scale bar represents 200 mm.
(H) Relative area of wound closure. (Means 6 SD, n = 3 independent samples, **p < 0.01.)
(I) Matrigel invasion assay. Scale bar represents 200 mm.
(J) Quantification of (I). (Means 6 SD, n = 8 independent samples, **p < 0.01.)
(K) Metalloprotease dependence of Matrigel invasion assay (Means 6 SD, n = 9 independent samples, **p < 0.01.) See also Figure S2.
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109cells formed less elongated, blunter protrusions with a
stronger enrichment of Arp2/3 complex accumulating in a
jagged front (Figure 3A). The relative fluorescence intensity
of Arp2/3 complex and F-actin in pseudopods of WRC-
depleted cells was increased by more than 2-fold (Figure 3G).
This suggested that invasion inWRC-depleted cells was not inthis case driven by a switch to bleb-based migration but was
rather still taking place via an Arp2/3 complex-driven pseu-
dopod-extension mechanism.
Depletion of Arp2/3 complex with siRNA against the p34-Arc
subunit (sip34) (Figure S1D; see [21]) potently inhibited the
invasion of control and Nap1 or Sra1 stable knockdown cells
Figure 3. WRC Depletion from A431 Cells
Enhances Arp2/3 Complex/N-WASP-Dependent
Invasion
(A), (E), (F), and (H) show thick collagen invasion
assay, and (B) and (K) show 3D collagen invasion
assay (Experimental Procedures).
(A) Control and WRC-depleted invading cells
expressing p21-Arc-GFP (Arp2/3, green) and
stained with rhodamine phalloidin (actin, red).
Scale bar represents 10 mm.
(B) Phase-contrast images of Nap1 and Sra1
knockdown cells with nontargeting siRNA (siNT)
sip34, p34-Arc Arp2/3 complex. Scale bar repre-
sents 100 mm.
(C and D) Quantification of invasion. (Means 6
SD, n = 12 images from three independent
assays, *p = not significant, **p < 0.01.)
(E) Confocal images of endogenous N-WASP
(blue) and Arp2/3 complex (p21-Arc-GFP, green)
and F-actin (rhodamine phalloidin, red). Scale bar
represents 10 mm.
(F) Confocal images of GFP (green), endogenous
N-WASP (blue), and filamentous actin (rhoda-
mine phalloidin, red) in WRC-depleted cells.
Scale bar represents 10 mm.
(G) Levels of F-actin, Arp2/3, or N-WASP in Nap1-
and Sra1-depleted cells from (E). (Means 6 SD,
n = 10 cells, **p < 0.01.)
(H) Confocal images of Nap1 and Sra1 stable
knockdown cells treated with control siRNAs
(siNT) and N-WASP siRNA during invasion. Scale
bar represents 10 mm.
(I and J) Quantification of actin and Arp2/3 in
pseudopods from (H). (Means 6 SD, n = 5 cells,
**p < 0.01.)
(K) Phase-contrast images of invading Nap1 and
Sra1 stable knockdown cells after control siRNA
or siN-WASP. Scale bar represents 100 mm.
(L and M) Relative invasion distance (L) or area
(M) of invading cells per field from (K). (Means 6
SEM, n = 12 images n = 3 assays, *p = not signif-
icant, **p < 0.01.) See also Figures S2 and S3.
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110into 3D collagen gels (Figure 3B), reducing both the invasion
distance (Figure 3C) and the relative invasion area (Figure 3D).
We conclude that depletion ofWRCdoes not prevent accumu-
lation of Arp2/3 complex at the front of invading pseudopods.
Moreover, depletion of WRC promotes invasion via an Arp2/3
complex-dependent mechanism.
N-WASP Is Required for Invasion in the Absence of Scar/
WAVE Complex
We next set out to determine how the Arp2/3 complex was
being activated in the absence of WRC. In addition to WRC,
N-WASP also activates the Arp2/3 complex to promote actin
polymerization at the plasma membrane [22]. In thick
collagen-gel invasion assays, WRC-depleted cells accumu-
lated 2-fold more N-WASP and Arp2/3 complex at pseudopodtips (Figures 3E and 3G). This was not
simply a reflection of increased thick-
ness at the invasive front; GFP-labeled
Arp2/3 complex localized specifically
to actin-rich structures, whereas GFP
alone did not (Figure 3F). Depletion
of N-WASP (Figure S1E) triggered loss
of Arp2/3 localization and reduction of
actin enrichment (a 60% reduction inrelative fluorescence intensity for both) at the cell front of
WRC-depleted cells (Figures 3H–3J) and inhibited invasion
into collagen gels (Figures 3K–3M). We observed similar
results with hTERT-RPE1 cells, although they migrate individ-
ually, rather than collectively, in collagen gels (Figures S2B–
S2F). Thus, N-WASP accumulation at leading edges of cells
in 3D matrix drives invasion, and loss of WRC potentiates N-
WASP-driven invasion, regardless of cell tendency to collec-
tive or individual migration in 3D.
We next explored whether N-WASP-generated actin protru-
sions were unique to 3D migration, by comparison of wound-
healing assays with and without Matrigel overlay. Strikingly,
two Nap1 knockdown cell lines and Sra1 knockdown cells
showed N-WASP enrichment at cell leading edges in the
wound assay using Matrigel [19] (Figure S3A). However, in
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111a regular wound-healing assay, we saw only very subtle
enrichment of N-WASP or Arp2/3 complex at leading edges
(Figure S3B). Notably, this phenotype was not restricted to
individual cells; the entire front of invading cells had N-WASP
and Arp2/3 complex enrichment when viewed at a lower
magnification (Figure S3C). Thus, we conclude that when
WRC is depleted, N-WASP is increasingly recruited to leading
cell edges in 3D matrix but not detectably in 2D.
FAK Is Required for Invasion and N-WASP Localization
at the Invasive Front
Loss of WRC subunits has been reported to modify cell-cell
junctions, cell-ECM adhesion, and focal adhesions in 2D
[10, 23, 24]. WRC depletion did not affect cell-cell contact
formation or maintenance in A431 or hTERT-RPE1 cells, but
we observed abnormal focal adhesions (Figures S4A–S4D)
and spreading defects (Figures 1C and 1D). Loss of WRC in
A431 cells resulted in more stable focal adhesions in cells on
glass coated with collagen. Most of the adhesions in WRC
knockdown cells had a lifetime longer than 20 min, whereas
the adhesion lifetime in control cells was typically less than
10 min (Figures S4A and S4B). Additionally, WRC knockdown
cells had larger (Figure S4C) but fewer (Figure S4D) focal adhe-
sions. Overall expression levels of a5 integrin, paxillin, vinculin,
Arp2/3 complex, and N-WASP remained unchanged (by
western blot, data not shown), but total FAK expression levels
were modestly increased in A431 cells (Figures S5A and S5B).
Strikingly, basal levels of FAK phosphorylation at Y397, which
is often used to report FAK activity, were also increased by at
least 2-fold (Figures S5A and S5B). Importantly, increased FAK
expression and activation were also detected in cells cultured
in 3D collagen gels (Figures S5C and S5D). However, loss of
WRC did not alter pY397FAK localization to focal adhesions
during adhesion formation, suggesting that 2D FAK localiza-
tion was not WRC dependent (Figure S4E). Finally, loss of
WRC in 3D cultured hTERT-RPE1 cells and HeLa cells also
led to increased pY397FAK level, so the effect was not cell
line specific (Figures S2G, S2H, S7B, and S7C).
Because FAK is amajor driver of cancer invasion [14, 15], we
speculated that enhanced FAK signaling in WRC-depleted
cells might also contribute to their increased invasiveness.
When Nap1 and Sra1 knockdown cells were treated with
FAK siRNA (Figure S1F), invasion in 3D collagen gels was
severely impaired (Figures 4A–4C), but cell migration during
wound healing and random cell migration were unaffected
(data not shown). Interestingly, pY397FAK also colocalized
with GFP-N-WASP to the cell front of WRC-depleted cells in
a thick collagen-gel invasion assay (Figure 4D). Whereas
patches of pY397FAK frequently localized along the long
protrusions of control cells (Figure 4D), the relative fluores-
cence intensity of pY397FAK doubled in WRC-depleted cells
(Figure 4F). GFP-N-WASP and actin were also coenriched at
these sites (Figures 4D and 4F). Accordingly, depletion of
FAK in shNap1 or shSra1 cells triggered a strong reduction
of filamentous actin, N-WASP, and Arp2/3 complex from the
cell front in thick collagen-gel invasion assays (Figures 4E
and 4G–4I). Thus, active FAK localizes to the leading cell edges
of cells invading in thick 3D gels, and FAK-containing focal
complex structures recruit N-WASP and Arp2/3 complex to
trigger actin assembly and invasion.
FAK Promotes N-WASP Phosphorylation
FAK-mediated phosphorylation of N-WASP at Y256 enhances
N-WASP function and cytoplasmic localization [25]. To testwhether FAK kinase activity was required for N-WASP locali-
zation and for the invasive phenotype of WRC stable knock-
down cells, we treated cells invading in thick collagen gels
with 1 mM FAK inhibitor PF-562271 to suppress FAK activation
(Figure S5G). Although FAK inhibitor (or loss of FAK protein by
siRNA) had little impact on N-WASP localization and formation
of long protrusions in control cells (Figures 5A and 5B), FAK
kinase activity inhibition led to loss of N-WASP localization
to the invasive front in WRC-depleted cells in thick collagen
gels (Figures 5C and 5D). Accordingly, FAK inhibitor treatment
resulted in a strong reduction of N-WASP relative fluorescence
intensity at leading cell edges (Figure 5E). FAK inhibitor also
suppressed cell invasion in 3D collagen-gel invasion assay
(Figures 5F–5H). Collectively, these data suggest that FAK
kinase activity is essential for N-WASP-mediated invasion of
WRC-depleted cells.
Depletion of N-WASP in A431 cells did not alter FAK locali-
zation to focal adhesions during adhesion formation (2D) (Fig-
ure S4E). Despite dramatic changes in the actin cytoskeleton
at the invasive protrusions of N-WASP-depleted cells invading
in 3D collagen gels, pY397FAKwas constantly associated with
strong actin puncta (Figure S4F). Therefore, recruitment of
active FAK to actin-rich structures was not N-WASP depen-
dent in 3D. Additionally, in 2D (Figure S4G) or 3D (data not
shown), FAK activationwas not changed uponN-WASPdeple-
tion. Thus, although N-WASP depends on FAK for localization
in WRC-depleted cells, FAK is localized independently of N-
WASP.
We then tested whether N-WASP phosphorylation by FAK
was required for N-WASP localization. We were unable to
successfully detect endogenous N-WASP phosphorylation
of cells cultured in collagen gels, so instead we used two
GFP-labeled N-WASP phosphorylation mutants. When GFP-
Y256F N-WASP, a dephosphorylated mimic, was expressed
in cells invading in collagen gel, GFP-Y256F N-WASP ap-
peared cytosolic and did not localize to the actin-rich invasive
front in WRC knockdown cells (Figure 5I). In contrast, GFP-
Y256D N-WASP, a phosphomimic mutant, was enriched at
the actin-rich invasive front of WRC knockdown cells (Fig-
ure 5J). Our data support a model whereby FAK phosphoryla-
tion of N-WASP drives N-WASP localization to the invasive
fronts of WRC-depleted cells.
Loss of WRC Can Lead to Formation of Degradative Focal
Adhesions
Active FAK drives the formation of matrix-remodeling focal
adhesions [26]. High active FAK levels in WRC-depleted
cells might therefore stimulate ECM degradation to promote
invasion. Whereas A431 cells were not amenable to various
types of degradation assays (data not shown), hTERT-
RPE1 cells generated degradative invadopodia (Figure 6A).
Although most control hTERT-RPE1 cells formed invadopodia
identified by classical centrally located puncta [27], an
invadopodia/adhesion marker, a-actinin [28], and correlating
gelatin degradation, most WRC-depleted hTERT-RPE1 cells
formed large degradative focal adhesions, as labeled by
strong actin stress fibers and a-actinin (Figures 6A and 6C).
The formation of degradative focal adhesions also led to a
2-fold increase in degradation area in WRC-depleted
hTERT-RPE1 cells (Figure 6D). Formation of degradative focal
adhesions was FAK dependent, as shown by siRNA depletion
of FAK (Figures 6B and 6C), and the degradation area
was heavily reduced (Figure 6D). In contrast, loss of FAK
alone in control hTERT-RPE1 cells slightly increased matrix
Figure 4. Increased Active FAK Contributes to Invasion of WRC Knockdown A431 Cells
(A) shows 3D collagen-gel invasion assay, and (D), (E), and (G) show thick collagen-gel invasion assay (Experimental Procedures).
(A) Invading Nap1 and Sra1 stable knockdown cells were treated with FAK siRNA. Scale bar represents 100 mm.
(B and C) Relative invasion distance (B) and area of (C) invading cells per field. (Means6 SEM, n = 12 images, three independent assays, *p = not significant,
**p < 0.01.)
(D) Confocal images of GFP-N-WASP-expressing cells with actin (red, rhodamine phalloidin) and pY397FAK antibody (blue). Scale bar represents 10 mm.
(E) Confocal images of p21-Arc-GFP (green)-expressing shNap1 and shSra1 cells with FAK or NT siRNAs with actin (red) and N-WASP antibody (blue). Scale
bar represents 10 mm.
(F) Relative intensity of filamentous actin, GFP-N-WASP, and pY397FAK from (E). (Means 6 SD, n = 6 cells, **p < 0.01.)
(G–I) FAK depletion reduced N-WASP-, Arp2/3 (p21-Arc-GFP)-, and actin-relative fluorescence intensity compared to NT. (Data are shown as means6 SD,
n = 6 cells, **p < 0.01.) See also Figure S4.
Current Biology Vol 23 No 2
112degradation via invadopodia (Figures 6B and 6D). Finally,
a metalloprotease inhibitor, GM6001, inhibited focal adhe-
sion-mediated matrix degradation (data not shown), suggest-
ing that the process was metalloprotease dependent.
However, MMP-9 secretion and MT1-MMP localization were
not changed in WRC-depleted cells (Figure S6). Thus, loss of
WRC promoted FAK-dependent matrix degradation by the
formation of degradative focal adhesions, which couldcontribute to the increased invasiveness of cells in various
3D assays.
Loss of WRC Promotes FAK-Dependent Cell
Transformation
We next probed whether FAK upregulation drove cell transfor-
mation and tumor growth in response to WRC depletion. In
a soft agarose assay, WRC-depleted cells generated larger
Figure 5. FAK Kinase Activity Contributes to N-WASP Localization in WRC-Depleted A431 Cells
(A)–(D), (I), and (J) show thick collagen-gel invasion assays, and (F) shows 3D collagen invasion assay (Experimental Procedures).
(A) Control cells treated with vehicle (DMSO) or 1 mM FAK inhibitor with actin (red) and N-WASP antibody (green). Scale bar represents 10 mm.
(B) Cells as in (A) but with control siRNA (siNT) or FAK siRNA (siFAK). Scale bar represents 10 mm.
(C and D) Nap1 and Sra1 stable knockdown cells with DMSO or 1 mM FAK inhibitor. Scale bar represents 10 mm.
(E) FAK inhibitor reduced N-WASP-relative fluorescence intensity compared to DMSO control. (Means 6 SD, n = 5 cells, **p < 0.01.)
(F) Invading Nap1 and Sra1 stable knockdown cells were treated with FAK inhibitor. Scale bar represents 100 mm.
(G and H) Relative invasion distance (G) and the relative area (H) of invading cells per field. (Data aremeans6 SEM, n = 10 images, three independent assays,
*p = not significant, **p < 0.01.)
(I and J) Control and WRC-depleted cells expressing GFP-Y256F N-WASP (I) (green) or GFP-Y256D N-WASP (J) (green) and stained with rhodamine phal-
loidin (filamentous actin, red). Scale bar represents 10 mm. See also Figure S5.
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113(7- to 8-fold) colonies than the control cells, indicating
anchorage-independent proliferation (Figures 7A and 7B).
WRC-depleted cells also grew more colonies by day 14
(Figures 7C and S7A). However, WRC-depleted cells grew at
the same rate as controls in standard 2D culture (Figure 7F,
red and black lines), indicating normal anchorage-dependentgrowth. FAK inhibitor (1 mM PF-562271) potently inhibited
proliferation ofWRC-depleted and control cells in soft agarose
(Figures 7A and 7B), as did FAK siRNA, which reduced the
colony size by at least 50% (Figures 7D and 7E). FAK was
also required for adhesion-dependent growth in A431 cells,
because FAK inhibitor and FAK depletion both reduced cell
Figure 6. Loss of WRC in hTERT-RPE1 Cells Promotes Matrix Degradation through FAK-Dependent Degradative Focal Adhesions
(A and B) Cells were treated with control siRNA (siNT), Nap1 siRNA (siNap1), and Sra1 siRNA (siSra1) (A) or FAK siRNA (siFAK) (B), as indicated, and were
subjected to fluorescent gelatin-degradation assay. Confocal images show fluorescent gelatin (green), F-actin (rhodamine phalloidin, red), and a-actinin
(anti- a-actinin, blue). Scale bar represents 10 mm.
(C) Percentage of cells with degradative focal adhesions. (Means 6 SD, n = 3 independent assays, **p < 0.01.)
(D) Relative area of degradation per cell. (Means 6 SD, n = 57, **p < 0.01.) See also Figure S6.
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114proliferation on tissue culture dishes (Figure 7F, green and
blue lines). This effect also occurred in WRC-depleted HeLa
cells, because FAK was also increased, and more colonies
were formed in the soft agarose assay (Figures S7B–S7F).
Thus, WRC depletion enhances anchorage independent
growth, and this effect is FAK dependent.
We next tested the ability of WRC-depleted cells to form
tumors and grow in vivo in nude mice. WRC knockdown
tumors initiated rapidly and grew rapidly, requiring that most
mice be culled between 2 and 4 weeks old. In contrast,
mice injected with control cells showed slower tumor initia-
tion and survived on average for >6 weeks (Figure 7G). The
pY397FAK level was substantially increased in tumors in vivo
(Figure 7H). Consistently, WRC-depleted cells cultured in 3D
collagen gel displayed higher pY397FAK (Figures S5C and
S5D). Thus, loss of WRC promotes FAK activation and tumor
growth in vivo.
FAK promotes proliferation and survival, often through acti-
vation of PI3K/Akt or MAP kinase pathways [29, 30]. As might
be predicted [31–33], the phospho-Akt (S473) level was
increased by >5-fold in stable WRC knockdown cells cultured
in 3D collagen gels (Figures S5C and S5D) or on dishes(Figures S5E and S5F). In contrast, phospho-ERK remained
unchanged, suggesting lack of involvement of the Ras/
MAPK pathway. Similarly, Nap1 and Sra1 knockdown
hTERT-RPE1 cells and HeLa cells also displayed increased
pY397FAK and phospho-Akt. (Figures S2G, S2H, and S7B–
S7D). These WRC-depleted HeLa cells were also more trans-
formed (Figures S7E and S7F). Because the PI3K/Akt pathway
promotes cell proliferation and survival, these results
collectively indicate that loss of WRC promotes hyperactiva-
tion of FAK and the PI3K/Akt pathway, which in turn promotes
increased anchorage-independent growth and tumor growth
in vivo.
Discussion
Our studies revealed a surprising interplay between WRC and
N-WASP, showing that WRC loss leads to enhanced N-WASP
localization to invasive pseudopods. Study ofWRC subunits in
mammalian cells is complicated by the expression of three iso-
forms of Scar/WAVE. A431 cells express Scar/WAVE1 and
Scar/WAVE2, and both of these are dramatically affected by
loss of Nap1 and Sra1, so we cannot comment here on
Figure 7. WRC Knockdown Enhances A431 Cell Transformation In Vitro and Tumorigenesis In Vivo
(A) Colonies formed by shCtl, shNap1, and shSra1 cells in soft agarose assay in the presence of FAK inhibitor (1 mM) or DMSO (vehicle). Scale bars represent
400 mm.
(B) Colony size from (A). (Means 6 SD, n = 30, **p < 0.01.)
(C) Colony number from (A). (Means 6 SD, n = 3, **p < 0.01.)
(D) FAK dependence of colony formation in shCtl, shNap1, and shSra1 cells treated with siNT or siFAK. Scale bar represents 400 mm.
(E) Colony size from (D). (Means 6 SEM, n = 30, **p < 0.01.)
(F) Growth curves on standard tissue culture dishes, as indicated. (Means 6 SD at each time point, n = 3.)
(G) Survival (time to tumor reaching 1.4 cm) curve of subcutaneously injected nude mice (p < 0.01, log rank test for trend).
(H) Immunohistochemistry of representative tumor sections with pY397FAK antibody, as indicated. Scale bar represents 120 mm. See also Figure S7.
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115isoform-specific effects such as we have previously reported
for Scar/WAVE3 [34]. Interestingly, loss of the singleDictyoste-
lium Scar/WAVE isoform resulted in dramatic recruitment of
WASP to leading pseudopods [35]. However, thus far in
mammalian cells, this switch only occurs in 3D (Figure S3).
WRC and N-WASP may compete for access to Arp2/3
complex or some other associated factor during migration in
3D, and this could be released when WRC is depleted.
WRC-depleted cells had increased active FAK yet more
stable focal adhesions, reminiscent of FAK knockout cells[36]. This perhaps suggests that dynamic actin assembly via
WRC is important for turnover of focal adhesions and subse-
quent recycling of FAK. We (M.C.F.) previously showed that
FAK interacts with the Arp2/3 complex in nonadherent cells,
and that spreading can release the FAK-Arp2/3 complex to
promote actin assembly and nascent focal-adhesion forma-
tion [37]. It may be that when WRC is depleted, the Arp2/3
complex is differently available for interaction with FAK. This
may also lead to positive feedback, causing increased FAK
activation (Figures S1D and S5) and enhanced Akt activation
Current Biology Vol 23 No 2
116downstream (Figures S2, S5, and S7). If FAK is somehow trap-
ped in an active state in focal adhesions that turn over slowly
(due to depletedWRC), these focal adhesions could contribute
to the degradative capacity of cells in 3D and to anchorage-
independent growth. WRC-depleted cells also contained
increased levels of b1 integrins (Figures S5H andS5I), suggest-
ing possible trafficking defects.
Our study suggests that FAK activation and N-WASP
phosphorylation at Y256 are important for leading-edge
invasion, but we found that FAK could be recruited to lead-
ing edges independently of N-WASP (Figure S4). Degra-
dative focal adhesions have recently been highlighted by
McNiven and colleagues as related to but distinct from invado-
podia [26], and we hypothesize that in WRC-depleted cells
invading in 3D, degradative focal adhesion/invadopodia
hybrids form.
We observed no major changes in metalloprotease secre-
tion or in total or surface levels of the transmembrane collage-
nase MT1-MMP upon WRC depletion (Figures S6B and S6C).
However, wemust point out that in A431 and hTERT-RPE cells,
most of the MT1-MMP was vesicular, and we could not there-
fore compare the enrichment at the plasma membrane under
different conditions as we previously did [38]. Furthermore,
because MT1-MMP is already extremely stable in invasive
protrusions [38], it wasn’t feasible to look for increased
stability with WRC depletion. However, the invasion of WRC
knockdown cells remained metalloprotease-dependent (Fig-
ure S6D–S6F), but WRC does not seem to directly regulate
metalloproteases.
To conclude, we find that WRC and N-WASP have opposing
roles in 3D epithelial cell invasion. Furthermore, contrary to its
established role in promoting cell migration in 2D, WRC
actually inhibits invasive migration, and its loss triggers an
N-WASP-dependent invasion program involving FAK. FAK-
dependent cell transformation and tumor growth are also
promoted in the absence of WRC. Actin nucleation-promoting
proteins, such as WRC and N-WASP, represent potential
antimetastasis targets because they are clearly fundamental
‘‘nodes’’ regulating actin dynamics and motility. Clearly more
studies are needed to determine whether WRC is lost in
a significant number of human cancers [10], and whether this
loss correlates in any way with prognosis and progression.
Experimental Procedures
General Methods and Reagents
DNA constructs and antibodies are listed in Supplemental Experimental
Procedures. Cell culture and RNAi were done by standard methods and
are detailed also in Supplemental Experimental Procedures.
Invasion and Migration Assays
Collagen gel organotypic assay was previously described, using acid-ex-
tracted collagen purified from rat tails and allowing 2 weeks for A431 cells
to invade [39].
3D collagen-gel invasion assay was performed as described with modifi-
cations [40]. For all cell types, the cell-collagen plug was embedded in 1 ml
rat-tail collagen (2.2 mg/ml) in 24-well plates. A431 cells were allowed to
invade in this assay for 10 days and hTERT-RPE1 for 2 days.
For thick collagen-gel invasion assays, 350 ml rat-tail collagen type 1
(2.2 mg/ml) (BD Biosciences or acid-extracted collagen) was added to wells
of 24-well plates. Collagen gel was allowed to set at 37C for 1 hr before add-
ing 2,000 cells to thick collagen gels. Cells were incubated for 2–3 days to
allow invasive protrusions into the gel [41, 42].
For wound-healing assays, a large wound was created on a monolayer of
cells cultured on a glass-bottom dish, and cells were imaged for 24 hr.
Wound healing-induced invasion assay (circular invasion assay) was per-
formed as previously described [19].Invadopodia and Zymography Assays
Gelatin-degradation assays were performed as previously described [21,
43], with slight modifications (see Supplemental Experimental Procedures).
Surface MT1-MMP levels and zymography were performed largely as previ-
ously described [38] with details in Supplemental Experimental Procedures.
Imaging, Immunoprecipitation, and Immunoblotting
Imaging, immunoprecipitation, and immunoblotting were performed
according to standard methods. The methods used and the methods of
statistical analysis and quantification are detailed in Supplemental Experi-
mental Procedures.
Soft Agarose Cell Transformation Assay
A layer of 2 ml 1% agarose (Sigma) was added to each well of a six-well
plate. Agarose was allowed to set at room temperature for 30 min. Then
10,000 cells were suspended in 1.5 ml 0.3% soft agarose and added to
each well of the plate. Cells were cultured in 2 ml cell culture medium for
indicated times to form colonies. We used 1 mM FAK inhibitor (PF-562271)
from Symansis in DMSO, as indicated.
Xenografts and Immunohistochemistry
All experiments involving animals were carried out in accordance with UK
Home Office regulations. We subcutaneously injected 1 3 106 cells in
100 ml PBS into the flanks of five nude mice per cohort. Tumor diameters
were measured daily from first appearance, and mice were humanely killed
when tumor diameter reached 1.5 cm. Paraffin-embedded tumors were
sectioned and labeled with anti-pY397FAK antibody using EnVision rabbit
kit (Dako).
Supplemental Information
Supplemental Information includes seven figures and Supplemental Exper-
imental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.cub.2012.11.059.
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